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OSTEOARTHRITIS (OA) is a degenerative joint disease characterized by structural changes in the articular cartilage, menisci, and synovium in diarthrodial joints (15, 19) . OA is associated with inflammation, pain, and impaired function in the affected joints, and is predicted to affect Ͼ25% of the adult US population by 2030 (24) with at least 9% of that population reporting activity limitations. OA has been linked to physical inactivity, presumably because weight-bearing activities such as walking and running cause joint pain (33) . People with arthritis are less likely to meet recommended levels of moderate and vigorous activity; furthermore, they are active for shorter durations and are more likely to be inactive than nonarthritic peers (14, 25, 37) . In addition, individuals with OA alter their gait mechanics in ways that appear to reduce joint stress (2, 23, 27, 30, 32) . The relationships between gait mechanics, activity, and knee OA, however, are not well understood. In this regard, animal models of OA provide novel means of investigating mechanistic relationships between parameters of locomotion and disease severity.
In a previous study, we reported that mice homozygous for a Col9a1 gene inactivation (Col9a1 Ϫ/Ϫ ) develop early-onset knee OA, intervertebral disc degeneration (12, 26) , and gait alterations that appear to reduce joint loads (5) . Since the presence of functional type IX collagen is necessary for proper assembly and organization of type II collagen, the extracellular matrix of cartilaginous tissues exhibits an altered collagen fibrillar structure assembly. In particular, such changes in the extracellular matrix of articular cartilage contribute to altered tissue mechanical properties as well as disrupted chondrocytematrix interactions that regulate protease expression and activity. Previous studies suggest that these changes are ultimately responsible for the spontaneous development of premature cartilage degeneration in the intervertebral disc, knee, and temporomandibular joints (12, 26, 29) .
In studies of animal function, 9-mo-old Col9a1 Ϫ/Ϫ mice ambulated with slower velocities and used higher duty factors (i.e., the ratio of foot-ground contact time to stride time) and shorter stride lengths during unprompted locomotion conditions compared with wild-type (WT) controls (5) . These compensatory gait changes in the Col9a1 Ϫ/Ϫ mice were suggested to reduce the magnitude of joint loading, as animals may move at slower speeds and use higher duty factors to reduce the peak magnitude of vertical ground reaction force and thus attenuate weight-bearing induced joint pain (3) . In addition, animals may reduce weight bearing-induced joint pain by reducing their voluntary activity patterns to lessen the frequency of joint loading, as observed for the lower magnitudes of self-selected gait velocity reported for these Col9a1 Ϫ/Ϫ mice. While these gait patterns are consistent with factors that reduce both magnitude and frequency of joint loading, differences in the animals' self-selected gait velocity may confound gait parameter comparisons between WT and Col9a1 Ϫ/Ϫ groups. Furthermore, comparison of daily spontaneous locomotor activity levels may reveal more substantial differences in joint loading frequency. Studies that report on activity levels (i.e., total activity time or travel distance) and make controlled use of running speed have great value in revealing the specific contributions of joint pathology to locomotor function in OA.
The goal of this study was to evaluate gait and activity in the Col9a1 Ϫ/Ϫ mouse model using well-controlled measures of voluntary activity in overground and running wheel conditions, as well as studies of gait in a velocity-controlled treadmill. We hypothesized that animals with early-onset OA would adopt behavioral strategies that would alter both the magnitude and daily frequency of joint loading as assessed by well-controlled and velocity-independent measures of activity. To test this hypothesis, we chose to study the spontaneous locomotor patterns and gait of aged male Col9a1 Ϫ/Ϫ mice that were previously shown to develop a moderate to severe knee joint OA phenotype. We studied 15-to 17-mo-old animals to better understand how an increased lifetime exposure to joint disease contributed to altered locomotor behaviors in aged animals. As spontaneous wheel running distances may exceed overground cage activity distances by an order of magnitude (4, 20, 38) , data were obtained from both overground and wheel running conditions to isolate effects arising from differences in total activity amongst these two conditions. Furthermore, wheel running may allow the limbs to stay in contact with the surface for a longer period of time during stride (i.e., higher duty factor) and result in lower ground reaction forces than overground running. Thus, wheel running may be associated with not only higher frequency of activity, but also lower magnitude of joint loading compared with overground. For these reasons, the study design was developed to acquire data for both spontaneous overground and wheel running activities to test for an intrinsic ability for Col9a1 Ϫ/Ϫ mice to alter their frequency or magnitude of joint loading, compared with WT controls. By comparing spontaneous activity and gait patterns during wheel and overground activity, these data reveal how animals with premature onset of knee joint OA cope by altering joint loading magnitude or frequency.
MATERIALS AND METHODS
Animals. Ten 15-mo-old male mice from the strain C57Bl/6J were acquired from a colony housed at Duke University, which was bred from a colony at Harvard University (16, 26) . Both wild-type (Col9a1 ϩ/ϩ ) and homozygous (Col9a1 Ϫ/Ϫ ) mice were studied (n ϭ 5 for each genotype). Male mice were chosen because previous data have shown that knockout male mice of this strain develop more severe knee OA compared with female mice (5). Mice were given food and water ad libitum and were group and individually housed in a temperature (22°C)-and humidity-controlled (45%) room. There was no significant difference in body mass due to col9a1 deficiency Voluntary locomotor activity levels. Spontaneous locomotor activity measurements were made for both overground locomotion and wheel running. We first measured overground voluntary activity by placing mice in individual 21 ϫ 21 ϫ 30 cm open field chambers (Accuscan Instruments, Columbus, OH) with a 14:10-h light/dark cycle for three consecutive days (17) . Horizontal activity (m) and speeds (m/min) were determined using the Accuscan analysis software, and average values were reported for each half hour time block of the testing period.
After open-field testing, mice were placed in individual cages (13 ϫ 13 ϫ 30 cm) containing 10.6 cm diameter running wheels (1) with a 10:14-h light/dark cycle. After a period of familiarization (3 days with wheels locked), mice were allowed to run freely on the wheels. Data were collected daily for a period of 2 wk. Voluntary wheel running activity levels were calculated through the use of a National Instruments Compact-DAQ, an NI 9411 module, and a custom-designed LabVIEW program, which converted wheel revolution data to daily running distances and speeds using a 10-s time block. By the final 3 days of the 2-wk running period, all of the mice had habituated to the wheels and were running consistent daily distances. Therefore, we compared average distances run on the wheel to average distances run overground using the final 3 days of wheel running data.
Gait kinematics. We collected high-speed kinematic data of the mice during treadmill and wheel locomotion to compare joint loading parameters between genotypes and locomotor modes. High-speed digital video images were collected at 200 Hz (Phantom V4.2, Vision Research, Wayne, NJ) (5) to determine the following parameters: contact time (duration of time a limb is in contact with the substrate) (s), stride time (s), duty factor (contact time divided by stride time), stride frequency (Hz), and instantaneous speed (m/min). These parameters were calculated from the right hindlimb and forelimb foot strike and toe-off events for each animal using DLTdataviewer2 (21) .
Wheel running gait kinematic data were collected at the start of the dark period on the 12th day of voluntary running. The camera was placed perpendicular to the wheel to collect a sagittal view, and a mirror angled at 45°below the running wheel cage provided a ventral view. Between 3 and 11 strides (median ϭ 7) were recorded for each animal. Markers on the crossbar of the running wheel were tracked using DLTdataviewer2 to determine the angular velocity of the wheel (change in angle divided by change in time). Angular velocity was converted to linear velocity by multiplying by *d/360°, where d is the diameter of the wheel.
We used a treadmill to collect overground data because it allowed us to make speed-matched kinematic comparisons between genotypes and to the running wheel. We habituated the mice to locomotion on a single lane mouse treadmill (Columbus Instruments, Columbus, OH) prior to data collection by allowing for a period of exploration with the treadmill turned off followed by repeated short periods (30 -60 s) of the treadmill moving at a range of speeds (Ͻ10 m/min). On the day of data collection, mice were given warm-up bouts at 5 and 10 m/min. We then collected high-speed digital video during steady-speed locomotor bouts at three different speeds. Rest periods were provided for the mice between each trial, which lasted between 1-5 min. A soft brush was used to prompt the mice if they began to move toward the rear door of the treadmill during a trial. Treadmill speed was calibrated manually by recording the amount of time for 10 belt revolutions at a range of speeds that covered the entire range of speeds used in this experiment. Trials that provided the closest speed-matched comparisons for genotype and locomotor mode (i.e., treadmill vs. wheel) conditions were then used for analyses.
Histological evaluation. All animals were killed at 17 mo of age. Left and right hind knee joints for each subject were harvested, fixed in 10% formalin, decalcified in Cal-Ex solution (Fisher Scientific), embedded in paraffin, and sectioned in a sagittal plane (6 m thickness). Representative samples were graded for each subject from the cartilage load-bearing regions of both femur and tibia in both the medial and lateral compartments of the joint. The sections were stained with hematoxylin, Safranin-O, and fast green and then evaluated for degenerative changes by three blinded graders according to the modified Mankin scoring system for mouse articular cartilage (18) . The scoring system included the categories of cartilage structure Scores for each section were averaged between graders resulting in total scores between 0 and 30 for each location (medial femur, medial tibia, lateral femur, lateral tibia).
Statistical analysis. We tested for statistical differences between genotypes (KO and WT) and activity type (overground and wheel) using a two-factor analysis of variance (ANOVA) (JMP® 7; SAS Institute, Cary, NC). Variables tested were average daily running distance, voluntary speed, stride frequency, stride duration, contact time (fore and hindlimbs), stride time (fore and hind), and duty factor (fore and hind). Post hoc analysis was performed using Tukey's HSD test for significance (P Ͻ 0.05). To compare within genotype variation among these locomotor variables, we calculated the coefficient of variation (CV) as a percentage of the ratio of the standard deviation to the mean. We also compared histopathological OA scores to the spontaneous activity and gait kinematic data using Pearson productmoment correlations.
RESULTS
Histological assessment of knee OA. The greatest osteoarthritic changes in the knee joint of 17-mo-old Col9a1 Ϫ/Ϫ mice occurred in the medial femoral condyle (Figs. 1, 2A) . Here, the modified Mankin OA score for Col9a1 Ϫ/Ϫ mice was significantly higher than that of the WT mice (Col9a1 Ϫ/Ϫ : 63.7 Ϯ 4.5% total possible score vs. WT: 40.2 Ϯ 4.3%; P Ͻ 0.01). The higher OA score of the Col9a1 Ϫ/Ϫ mice was due primarily to an increase in cartilage structural damage (Fig. 2B) . Col9a1 Ϫ/Ϫ mice had an average structural score of 73.6% maximum, which corresponds to structural changes that include "severe fibrillation, clefts, and/or loss involving greater than two-thirds of the depth of the noncalcified articular cartilage thickness in less than one-half of the condyle." In contrast, the average WT medial femoral structural score was 20% maximum, which corresponds to "mild superficial fibrillation involving less than one-half the condyle." Although the overall modified Mankin OA score for the medial tibial plateau was not statistically different between the Col9a1 Ϫ/Ϫ mice and WT controls (60.4 Ϯ 5.3 vs. 45.4 Ϯ 5.9%, Col9a1 Ϫ/Ϫ vs. WT, P ϭ 0.096, Fig. 2A ), Col9a1 Ϫ/Ϫ mice had significantly greater structural damage than WT mice. The average structural score in the medial tibial compartment was 65.2% of maximum for Col9a1 Ϫ/Ϫ mice vs. 28.4% for WT mice (Fig. 2B) .
The average OA score for the lateral knee compartment of Col9a1 Ϫ/Ϫ mice was significantly lower compared with the medial compartment (33.1 Ϯ 3.6 vs. 62.0 Ϯ 3.3%, respectively, P Ͻ 0.001; Fig. 2A ). Correspondingly, and in contrast to the findings for the medial compartment, the average modified Mankin OA score of the femur and tibia in the lateral knee compartments of Col9a1 Ϫ/Ϫ and WT mice were not significantly different (33.1 Ϯ 3.6 vs. 40.7 Ϯ 1.6%, respectively, P ϭ 0.07; Fig. 2A ). The reduced lateral OA scores of the Col9a1 Ϫ/Ϫ mice were associated with a significantly lower lateral tibial plateau OA score than WT mice (25.6 Ϯ 4.7 vs. 37.8 Ϯ 2.0%, P Ͻ 0.05; Fig. 2A ). This difference in OA scores can be attributed to a significantly greater proteoglycan loss in WT mice (as indicated by a loss of Safranin-O staining intensity) but not cartilage structural damage (Fig. 2B ). These differences were not observed in the lateral femoral condyles where the total OA scores were similar for the Col9a1 Ϫ/Ϫ mice and the WT mice (40.6 Ϯ 2.6 vs. 43.6 Ϯ 1.8%, respectively, P ϭ 0.37; Fig. 2A) .
Gait comparisons for overground locomotion. Freely chosen locomotor speeds were measured over three consecutive nights Ϫ/Ϫ mice would use greater duty factors compared with WT mice to reduce peak vertical ground reaction forces, there was no difference in hindlimb duty factors (WT ϭ 0.78 Ϯ 0.02 vs.
Col9a1
Ϫ/Ϫ ϭ 0.78 Ϯ 0.02; P ϭ 0.99, Fig. 3C ). The pattern and amount of spontaneous overground locomotion, averaged over a 72-h time period, was also similar between WT and Col9a1 Ϫ/Ϫ mice (Fig. 4A) . The average distance traveled by WT mice per dark cycle hour was ϳ15% further than Col9a1 Ϫ/Ϫ mice (WT ϭ 7.5 Ϯ 1.7 m h Ϫ1 vs.
Ϫ/Ϫ ϭ 6.5 Ϯ 0.6 m h Ϫ1 ; Fig. 4B ), although the difference was not significant (P ϭ 0.57). As would be expected from the comparable locomotor speeds between WT and Col9a1 Ϫ/Ϫ mice, the greater horizontal distance traveled by WT mice corresponded to a greater amount of time active during the dark cycle (Fig. 4C) , although again, this difference was not significant (WT ϭ 3.53 Ϯ 0.76% of dark period vs.
Ϫ/Ϫ ϭ 3.04 Ϯ 0.33; P ϭ 0.57). The average stride frequencies, calculated during speed-matched treadmill locomotion as described previously, were not significantly different between the WT and Col9a1 Ϫ/Ϫ mice (WT ϭ 1.20 Ϯ 0.10 vs.
Ϫ/Ϫ ϭ 1.17 Ϯ 0.06 Hz; P ϭ 0.83, Fig. 4D ). Gait comparisons for wheel locomotion. Freely chosen wheel running speeds, compared over three dark cycles, were ϳ50% faster in WT compared with Col9a1 Ϫ/Ϫ mice (WT ϭ 17.57 Ϯ 4.70 cm/s vs. Col9a1 Ϫ/Ϫ ϭ 11.93 Ϯ 1.33 cm/s; Fig.  3B ). Despite these apparently large differences in average speed, they were not significantly different (P ϭ 0.28) primarily due to a large amount of variation within the WT animals. The coefficient of variation (CV) was 60% for WT mice compared with 25% for Col9a1 Ϫ/Ϫ . Duty factors were compared during voluntary running trials recorded with high-speed video at the beginning of the dark cycle. The per-stride speeds for these trials were similar for WT and Col9a1 Ϫ/Ϫ mice (WT ϭ 9.95 Ϯ 0.55 cm/s vs. Col9a1 Ϫ/Ϫ ϭ 10.00 Ϯ 0.46 cm/s). Thus duty factor comparisons for wheel locomotion, like those for treadmill locomotion, were essentially speed-matched between the two genotypes. Duty factors measured at these speeds were not significantly different between genotypes (WT ϭ 0.72 Ϯ 0.02 and KO ϭ 0.74 Ϯ 0.01; P ϭ 0.40; Fig. 3D ).
Spontaneous running wheel activity was much greater in WT vs. Col9a1
Ϫ/Ϫ mice in the first, but not the second, half of the dark cycle (Fig. 5A ). These differences in dark cycle 
Ϫ/Ϫ scores were significantly greater than WT scores in the medial femur and lower in the lateral tibia. B: cartilage structural degeneration score, a subcomponent of the Modified Mankin score, for each graded site in the knee joint. Col9a1 Ϫ/Ϫ mice had significantly greater cartilage degeneration than WT mice in the medial compartment, while there was no significant difference in degeneration in the lateral compartment. Values are means Ϯ SE. locomotion corresponded to an almost five-fold difference in average daily running distance between the two genotypes ( Fig. 5B ; WT ϭ 90.0 Ϯ 54.6 m/h vs. Col9a1 Ϫ/Ϫ ϭ 19.3 Ϯ 6.7 m/h). As for the difference in average wheel running speeds, the difference in running distances were not statistically different (P ϭ 0.23), in part due to the greater than expected variation in running distance for WT mice compared with Col9a1 Ϫ/Ϫ mice (CV ϭ 136% for WT vs. 77% for Col9a1 Ϫ/Ϫ ). We also observed that WT mice ran on the wheel for more than twice as much time during the dark cycle as Col9a1 Ϫ/Ϫ mice ( Fig. 5C ; WT ϭ 9.7 Ϯ 4.4% vs. Col9a1 Ϫ/Ϫ ϭ 4.1 Ϯ 1.2%; P ϭ 0.46). Consistent with the previous findings, variation was greater in WT compared with KO mice (CV ϭ 101% vs. 68% for WT and Col9a1 Ϫ/Ϫ , respectively). The average stride frequencies, calculated for similar-speed strides as described previously, were not significantly different between the WT and Col9a1 Ϫ/Ϫ ϭ 1.23 Ϯ 0.08 Hz; P ϭ 0.90; Fig. 5D ). Coefficients of variation were smaller for stride frequency than for the other running wheel kinematics and were the same for WT and Col9a1 Ϫ/Ϫ mice (CV ϭ 17%). Gait comparisons for overground vs. wheel locomotion. To gain further insight into the potential differences in the biomechanics of running on a wheel vs. overground, we compared results related to the magnitude of joint loading (i.e., speed and duty factor) and the frequency of joint loading (e.g., spontaneous nightly distance, activity time, and stride frequency). On the basis of results from a 2-factor ANOVA, locomotor type (i.e., overground vs. wheel) had a significant effect on factors related to the magnitude of joint loading: freely chosen speeds and duty factors. Wheel running speeds were significantly faster than those used overground (wheel ϭ 14.75 Ϯ 2.48 cm/s vs. overground ϭ 9.45 Ϯ 0.18; P Ͻ 0.05) and duty factor during wheel locomotion was significantly lower than those used overground (wheel ϭ 0.72 Ϯ 0.02 vs. overground ϭ 0.78 Ϯ 0.01; P ϭ 0.01). Although this duty factor comparison was associated with a slightly faster average treadmill speed (wheel ϭ 9.98 Ϯ 0.34 cm/s and treadmill ϭ 12.12 Ϯ 1.04), this difference was not statistically significant and is not expected to explain the differences in duty factor since slower speeds are typically associated with higher duty factors. In this case, the wheel running speeds were slower than the treadmill speeds and the wheel running duty factors were also lower than those for treadmill locomotion.
Unlike the results for speed and duty factor, variables related to the frequency of joint loading were not significantly different between activity modes. While the average spontaneous nightly running distances tended to be greater for wheel running compared with overground locomotion, substantial variation in wheel running distances resulted in nonsignificant differences (wheel ϭ 54.7 Ϯ 28.5 m/h dark cycle vs. overground ϭ 6.99 Ϯ 0.87; P ϭ 0.14). Furthermore, no differences were observed in either the amount of active time (%dark cycle) that mice spent running on the wheel vs. overground (wheel ϭ 6.92 Ϯ 2.34% of dark cycle vs. overground ϭ 3.29 Ϯ 0.40%; P ϭ 0.15) or the speed-matched stride frequency used on the wheel vs. overground (wheel ϭ 1.24 Ϯ 0.06 Hz vs. overground ϭ 1.18 Ϯ 0.05 Hz; P ϭ 0.52). Association between knee OA and locomotor variables. Correlation analyses reveal several significant relationships between locomotor performance and joint damage ( Table 1) . The most striking finding is that the overground distance traveled during the dark phase and the percent of the dark phase that the animals were active were negatively related to the modified Mankin knee OA scores. These locomotor indexes were also compared with the average and most severe levels of cartilage structural damage, based on the upper 95% confidence interval, to evaluate the potential relationship between high levels of focal cartilage damage and altered locomotor performance. Cartilage damage was also negatively related to nightly overground travel distance and activity time. In addition, there was a negative trend between cartilage damage and nightly wheel running distance and time spent running. Unexpectedly, there was a positive relationship between the average overground locomotor speed and knee OA, although the relationship was not associated with cartilage damage. A significant relationship was not observed between knee OA and duty factor or stride frequency for either over ground or wheel locomotion. Thus reduced activity time is the primary locomotor behavior in aged mice that is negatively impacted by knee OA and cartilage structural damage.
DISCUSSION
OA is a major cause of physical disability and often results in gait adaptations in people with OA (2, 6, 23, 27, 30, 32) . Adults with arthritis are less likely to engage in recommended amounts of daily physical activity (25) , which may facilitate the development of other chronic diseases such as type II diabetes (9), heart disease (10), and hypertension, among others (11) . Furthermore, physical activity limitations due to joint pain may reduce adherence to exercise-based lifestyle modifications for the management of chronic diseases, including OA itself (28) . In the current study, we sought to determine how aged Col9a1 Ϫ/Ϫ mice alter their locomotor activity and gait patterns following an elevated lifetime of exposure to joint disease. We hypothesized that Col9a1 Ϫ/Ϫ mice would decrease both the magnitude and frequency of joint loading during daily activity both on a running wheel and overground compared with their WT littermates. Furthermore, because wheel running is associated with a higher frequency of joint loading in terms of the number of steps taken per day, we also hypothesized that Col9a1 Ϫ/Ϫ mice would decrease their spontaneous locomotor activity to a greater extent during wheel running compared with overground activity.
We found that the average dark-phase locomotor speeds and duty factors were similar between Col9a1 Ϫ/Ϫ and WT mice during overground and speed-matched treadmill locomotion, respectively. These results were unexpected based on our earlier findings by Allen and coworkers that male Col9a1 Ϫ/Ϫ mice used higher duty factors compared with WT mice over a comparable range of speeds (5). In the current study, however, the animals were ϳ6 mo older than those examined by Allen and coworkers (5), a difference of likely great importance. By 17 mo of age, WT mice had developed significant levels of knee OA, even exceeding values for Col9a1 Ϫ/Ϫ mice in the lateral tibial plateau. C57BL/6 strains are well known to develop spontaneous knee OA with aging, which may contribute to the development of protective locomotor behaviors in both WT and KO mice. Thus a significant increase in spontaneous knee OA within WT mice, as observed in the lateral tibial plateau, may also reduce the number of statistically significant differences in locomotor behavior between aged Col9a1 Ϫ/Ϫ and WT mice. A similar scenario may also explain the findings for a study involving Col2a1 ϩ/Ϫ mice. Col2a1
mice have an increased risk of developing knee OA and, compared with WT mice, exhibit lower levels of spontaneous wheel running activity. However, WT mice have a greater age-dependent decline in spontaneous wheel running activity such that by 15 mo of age, the difference in spontaneous running activity is greatly reduced between Col2a1 ϩ/Ϫ and WT mice (31) .
In the current study, several gait parameters, including speed, distance traveled, and percent of the dark phase active, appear to be lower in Col9a1 Ϫ/Ϫ mice but were not statistically different. The higher degree of variation in locomotor parameters among WT mice parallels a greater degree of variation in cartilage structural damage compared with Col9a1 Ϫ/Ϫ mice (CV ϭ 36% vs. 15%, WT vs. Col9a1 Ϫ/Ϫ , respectively). When gait and locomotor activity parameters are compared with knee OA and cartilage damage scores, a significant pattern is observed. Namely, knee OA and cartilage degeneration are strongly associated with a reduction in both nightly locomotor distance and time spent in activity. This finding is observed in two independent locomotor modes, overground activity and wheel running, and it suggests that animals with chronic knee OA primarily alter locomotor activity levels rather than gait kinematics. These results are consistent with those in the literature for other species. Bliven and colleagues (8) found that after induction of arthritis in hamsters, the primary cause of the animals' reduced daily running distance was a decrease Pearson product-moment correlation coefficients. *P Ͻ 0.05. †Near-significant correlations (0.5 Ͻ P Յ 0.07).
in the amount of time spent in activity. Humans with OA also show reduced physical activity levels in the form of shorter durations of activity and increased incidence of inactivity compared with nonarthritic peers (14, 25, 33, 37) . As Col9a1 Ϫ/Ϫ mice develop OA earlier than WT mice, they will experience an increased lifetime exposure to joint disease, despite the observation that both genotypes develop OA by age 17 mo. Our findings suggest that the current knee OA status of the mice appears to be a better indicator of changes in locomotor behavior than this overall lifetime exposure to disease. Previous research has shown that Col9a1 Ϫ/Ϫ mice develop histological evidence of degenerative joint disease as young as 4 mo of age (16, 26) . The degeneration presents itself as loss of proteoglycan staining, severe fibrillation of the tibial plateau, and complete loss of articular knee cartilage by 9 mo to 1 year of age (16, 26) . Col9a1 Ϫ/Ϫ mice also have increased vertebral body degeneration at 3 mo of age, although there is no evidence of differences in vertebral body degeneration between WT and Col9a1 Ϫ/Ϫ mice at 12 mo of age (12) . In the current study, Col9a1 Ϫ/Ϫ mice had greater levels of knee OA in the medial compartment, WT animals had greater knee OA levels in the lateral tibial plateau, and WT animals had greater variation in the degree of knee OA compared with Col9a1 Ϫ/Ϫ mice. We found that the current level of knee OA in both WT and Col9a1 Ϫ/Ϫ mice was a better predictor of changes in locomotor behavior than the earlier development of knee OA and vertebral body degeneration caused by the absence of collagen IX. These data suggest that the age of onset of joint degeneration is not a critical determinant of future locomotor impairment and that strategies that retard the progression of OA may be an effective means of maintaining physical function with aging.
A limitation of the current study is that it does not address other potential factors that may contribute to altered locomotor behaviors in aged WT and Col9a1 Ϫ/Ϫ mice. Col9a1 Ϫ/Ϫ mice develop progressive hearing loss due to degeneration of the tectorial membrane in the inner ear (7, 39) . Age-dependent hearing loss also occurs in WT C57BL/6 mice (22), albeit independent of vestibular impairment (36) . While severe vestibular loss significantly alters posture and locomotion in mice (40) , it is not known to what extent hearing loss, independent of vestibular impairment, alters locomotor behavior. In a previous study, we reported that 9-mo-old Col9a1 Ϫ/Ϫ and WT mice startle in response to a 100-dB pulse (5) . While this test ensures that animals were not deaf at 9 mo of age, it does not verify normal inner ear structure or that balance and coordination were unaffected by an inner ear malformation. Aged (Ն1.5 yr) Col9a1 ϩ/Ϫ mice have also recently been shown to develop osteoporosis and thoracic kyphosis (41) , factors that may contribute to altered musculoskeletal function. Wang and colleagues (41) also reported that aged Col9a1 ϩ/Ϫ mice developed reduced body weight and fat mass compared with WT controls. Although we did not observe a significant difference in body weights between Col9a1 Ϫ/Ϫ and WT animals, a reduction in body fat may contribute to reduced locomotor activity levels in Col9a1 Ϫ/Ϫ mice via mechanisms that regulate energy storage and expenditure levels (13, 35) .
In conclusion, the development of functional locomotor impairments in aged osteoarthritic Col9a1 Ϫ/Ϫ and WT mice is primarily manifested as reductions in total locomotor activity levels (e.g., both distance traveled and time active). These impairments in total activity are most clearly observed during wheel running, suggesting that spontaneous running wheel activity can serve as an important measurement for evaluating functional and behavioral phenotypes in mouse models of musculoskeletal disease. Our findings support using mouse models of OA in translational studies that seek to identify the mechanisms by which genetic mutations contribute to reduced locomotor activity or that seek to identify interventions that slow the progression of OA or maintain physical function with OA in aging.
